The Tibetan field observatories, which are constructed in a project of the Japan International Co-operation Agency in 2007, provide an opportunity to establish four observation sites equipped with same sensors on and around Tibetan plateau for better understanding the monsoon climate features over the Tibetan plateau. By using same analyzing technique, the present paper examines the seasonal and diurnal variations in (1) radiation components, (2) turbulent momentum, heat, water vapor, and CO 2 fluxes, and (3) soil temperature, moisture, and heat flux of the four homogenous sites (BJ at Bu-Jong (Naqu), DL at Da-Li, LZ at Lin-Zhi, and WJ at Wen-Jiang) on and around the Tibetan Plateau, in 2008. Seasonal variation in the sensible heat flux at the BJ site indicate that the sensible heat flux was stronger thereat compared with other sites in spring (March to May). After the monsoon had set, sensible heat flux decreased in all four sites. On the other hand, the seasonal variations in latent heat flux suggest that the latent heat flux increases rapidly with the water content in the soil that rises from March to June at the LZ, DL, and WJ sites. An annual cyclic pattern of CO 2 flux at sites DL and WJ was obvious. Finally, At the sparsely vegetated BJ site the seasonal variation in CO 2 flux was small due to the limited CO 2 absorption in summer and its subsequent limited release in other seasons; and at the very grassy LZ site, the CO 2 absorption responds to seasonal march of monsoon. Energy partitioning dramatically responds to the onset of monsoon at the BJ site.
Introduction
The Tibetan Plateau, which has an average elevation of more than 4000 m above mean sea level (a.s.l.), comprises approximately one fourth of the land area of China and plays an important role in the Asian summer monsoon (Krishnamurti and Ramanathan 1982; Nitta 1983 ). The thermal significance of the Tibetan Plateau to the atmospheric circulations over China, Asia, and even the world is mainly determined by land surface processes. Thus, intensified studies on energy partitioning over the Tibetan Plateau is needed. To understand the surface turbulent transfer processes, a number of experimental studies involving the Tibetan Plateau have been conducted in the last four decades. Adequate data were collected by the first Qinghai-Xizang Plateau Meteorological Experiment (QXPMEX) from May to August 1979 (Yeh and Gao 1979) , the Global Energy and Water Cycle Experiment (GEWEX) and Asian Monsoon Experiment (GAME)-Tibet experiment from May to August 1998 (Ishikawa et al. 1998; Kim et al. 2000a Kim et al. , 2000b Tanaka et al. 2001; Choi et al. 2004; Gao et al. 2004 Gao et al. , 2009 and Yang et al. 2010) , and the second Tibetan Plateau Meteorological Experiment (TIPEX) from May to August 1998 (Bian et al. 2002) . In addition, related publications focused on diurnal variations in momentum, heat, and water vapor exchanges and on energy balance diagnosis and modeling using data collected from the individual sites. A great deal of attention was paid to energy partitioning at the onset of the Asia monsoon. However, most of the studies focused on the feature at a single site and only a few studies have dealt with comparisons in multiple sites because of the lack of suitable dataset.
To better understand the seasonal and diurnal variations of water vapor and energy over the Tibetan Plateau, and to form a basis for better parameterization of turbulent fluxes in weather and climate models for this area, the ''China-Japan Meteorological Disaster Reduction Cooperation Research Center Project'' was established in September 2004 by the Japan International Co-operation Agency (JICA) as a major international cooperation project in the area of meteorology. It provided the opportunity to conduct four-point and long-term micrometeorological experiments over the Tibetan Plateau since 2007. To allow comparison of the data collected from all four research sites, the same micrometeorology instruments were used at all four sites and year trough data were first obtained in 2008.
Hence, the present work aims to study the turbulent fluxes that significantly respond to seasonal march of monsoon by quantifying the seasonal and diurnal variations in energy and CO 2 exchanges using the eddy covariance (EC) techniques on the data from the four sites (BJ at Bu-Jong (Naqu), DL at Da-Li, LZ at Lin-Zhi, and WJ at WenJiang) in the Tibetan Plateau from January to December 2008. Fig. 1 . Both BJ and LZ are in Tibetan Autonomous Region. The BJ is in the middle of flat plain and the LZ is in a wide flat patch at the bottom of river in mountains. For both sites the surface condition is homogeneous and is preserved in their natural status for the past 50 years according to the residents' words. The BJ site is predominantly covered by sandy silt loam soil and lies on a flat prairie covered by short grass with a canopy height of less than 0.05 m and a leaf area index (LAI) of less than 0.5 . The LZ site is also predominantly covered by sandy silt loam soil but lies in a humid valley covered by grass with a canopy height that seasonally changes up to a maximum of 0.5 m in July. The DL site is in YunNan Province and is covered by loam soil and lies at 7 km southwest of the Diancang Mountains and 2 km northeast of the Earhai Lake. The site is located in farm land where green horse bean is cultivated green horse bean from winter to spring, and paddy rice in summer, with canopy height that seasonally changes up to a maximum of 1.2 m in July. Finally, the WJ site is also loam soil and lies in the western Sichuan Basin belonging to the subtropical humid monsoon climate zone. Garlic is cultivated in spring and the field is used as paddy rice field in summer with canopy height reaches to the maximum of 1.5 m in July. The sites are flat and homogeneous. Su‰cient fetches are present in all directions at the BJ, DL, and WJ sites. The fetch at LZ is not enough for certain wind directions. The LAI has not been measured because of lack of instrument. The BJ, DL, and WJ sites experience temperate plateau climate with dry spring and autumn, humid summer, and snow-covered winter. The average annual temperatures are about 271.1 K (at 
Materials and methods

Site
Micrometeorological measurements a. Fast response measurements
A three-dimensional sonic anemometer (CSAT3, Campbell Scientific Inc.,) was used to measure wind velocity components (u, v, and w) and air temperature (T ). The CO 2 /H 2 O Open-Path Gas Analyzer (LI-7500, Licor, USA) was used to measure high frequency signals of water vapor density and CO 2 . These sensors were installed on a mast at 4.0 m above the ground. The outputs of the sensors were recorded at a sampling rate of 10 Hz and were averaged over 30 min periods. The means and standard deviations were computed afterwards. The gas analyzer was calibrated before the experiment using standard gases (between 300 ppmv and 400 ppmv of CO 2 in N 2 ). Coordinate rotation (Kaimal and Finnigan 1994) corrections were made for nonzero mean vertical velocities. Following Moore (1986) , the EC values for the e¤ects of path length averaging on the sonic anemometer and the gas analyzer, and for the spatial separation of the sensors were corrected. Corrections were also made in the density fluctuations from computing the fluxes of water vapor and CO 2 (Webb et al. 1980 ). We applied EdiRe software for the data quality control for all four sites. The EdiRe is a fast, flexible, and user friendly software tool with a focus on eddy covariance and microclimatological measurement analysis (Hill et al. 2011) .
The outliers from the 30 min measurements of turbulence were eliminated using the criterion X ðtÞ < ðX À 4sÞ or X ðtÞ > ðX þ 4sÞ, where X ðtÞ is the measured value (i.e., u, v, w, T ), X is the mean over the interval, and s is the standard deviation. Data collected during and after rainfalls were removed because the sonic anemometer could malfunction in these cases (Bian et al. 2002) . 30 minute segments of raw data were processed to calculate the EC turbulent fluxes. For the data gaps in calculated flux data, those shorter than one hour were filled-in through linear interpolation, and longer gaps were not filled. Statistically, the gap distribution of the 30 min average data was random, and the gaps comprised less than 12.3% of the whole observational period.
b. Slow response measurements
Soil heat flux was measured by embedding heat flux plates (HFT3, Campbell Scientific Inc.) at depths of 0.04, 0.10, and 0.20 m. Soil temperature and soil volumetric water contents were measured at six depths (surface, 0.04, 0.10, 0.20, 0.60, and 1.00 m) using soil temperature sensors and CS616 sensors respectively. Upward/downward short-and long-wave radiation components were measured using four-component radiometers (CNR-1, http:// www.campbellsci.com/cnr1) mounted at heights of 2.0 m. Ground surface temperature was measured using Infrared Radiometer (IRR-P, Campbell Scientific Inc.). All data were recorded by a Data logger (CR5000, Campbell Scientific Inc.) with a PCMCIA memory card. The data were sampled every minute and the averages were recorded every 10 min.
c. Theoretical principle
The surface energy balance over the grass canopy can be approximated by
where R n is the net radiation. H and LE are the sensible heat and latent heat fluxes, respectively. G 0 is the soil heat flux at the surface; and R e is the residual energy involved in various processes, such as photosynthesis and respiration (Harazono et al. 1998; Burba et al. 1999) . R e is determined as R e ¼ Rn À ðH þ LE þ G 0 Þ in the current experiment. R n was measured using slow response instruments (described above). The eddy fluxes of sensible heat and the latent heat are given by (e.g., Kaimal and Finnigan 1994) 
where r, C p , and L are the density of air (kg m À3 ), the specific heat of air (J kg À1 K À1 ), and the latent heat of vaporization (J kg À1 ) respectively and w 0 , T 0 , and q 0 are the fluctuations in the vertical wind component (m s À1 ), air temperature (K), and specific humidity (g g À1 ), respectively, and s 1 r dv =r d , r d and r v are densities of dry air and water vapor respectively.
Since the 1980s, the development of fast response CO 2 analyzers allowed the direct measurement of CO 2 fluxes over rice canopies using EC methods: G 0 was estimated using a combination of soil calorimeter, and the measurements of the heat flux density at a depth of 0.04 m measured by heat flow transducers were obtained. The soil heat flux at the surface is
where, G 1 is the soil heat flux at a depth of 0.04 m, C g is the volumetric heat capacity of the soil easily derived from soil components considering volumetric soil water content , Dz is the thickness of a thin layer of the soil, T is the mean soil temperature of the thin layer calculated by averaging the soil surface temperature and the soil temperature measured at 0.04 m depth, dT is the change in mean soil temperature during the measurement period, and dt is the elapsed time. G 0 may be influenced by run-o¤ and precipitation, but we do not take it in account because there is no run-o¤ data.
d. Footprint
Turbulent data were collected at 4 m above ground surface, which was more than three times the maximum height of the vegetation canopy in the underlying surface (about 0.10 m at BJ, 0.5 m at LZ, 1.2 m at DL, and 1.5 m at WJ). With this sensor height, the flow can be assumed to have property of the conventional atmospheric surface layer (i.e., the constant flux region). To estimate the average sensing spatial scales of the observatory instruments and the regional representation of the measurements, the Cash (1986) and the Schuepp et al. (1990) models were used to compute the footprint for the entire experiment. Figure 2 An aerodynamic method (Martano 2000) was used for zero-plane displacement and surface length roughness calculations. Both of zero-plane displacement and surface length roughness changed with surface conditions. On average, the zero-plane displacement was d ¼ 0, 0.07, 0.18, and 0.22 m and the surface length roughness was z 0 ¼ 0:015, 0.023, 0.058, and 0.064 m at BJ, LZ, DL, and WJ sites, respectively.
Results and discussion
The set of observational data includes di¤erent meteorological quantities: horizontal wind speed, air temperature, specific humidity, air pressure, and precipitation. Figure 3 shows the wind frequency distribution at the four sites. The di¤erent altitudes and local surface environments caused di¤erent wind speeds and wind directions at each site. Westerly wind of speeds stronger than 11 m s À1 was observed during winter at BJ because of its high altitude. LZ lies on a valley; thus, only winds along the valley were observed. Wind speed generally ranged from 3 m s À1 to 11 m s À1 at LZ and DL, and more than 94% of the wind speeds were less than 3 m s À1 at WJ. Figure 4 shows the time series of (a) weekly mean air temperature (T air in K), (b) weekly mean specific humidity (q in g kg À1 ), (c) daily mean air pressure (P in hPa), and (d) daily precipitation (Prec. in mm day À1 ) gathered in 2008. Apparently, all the meteorological quantities underwent seasonal variation. High temperature, high humidity, and low wind speed coincide with low air pressure and frequent precipitation in the summer. The opposite occurred during winter.
The plots in Figs. 4a, b were drawn from the fast response measurements (CSAT3 and LICOR 7500 mentioned above). Daily variations were gathered each week using the composite method for all observed data, and the weekly average was computed. The gaps in Fig. 4c were caused by power outages at the site. The plots in Figs. 4c, d were drawn from the slow response instruments. Unfortunately, no precipitation measurements were available at BJ. Figure 5 shows the seasonal variations of four radiation components: (a) downward shortwave radiation (DSR), (b) upward shortwave radiation (USR), (c) downward longwave radiation (DLR), (d) upward longwave radiation (ULR), and (e) albedo of the underlying surface (defined as the ratio of the maximum value of USR and to that of DSR). The seasonal variations in DSR, DLR, and ULR were similar. High values were maintained during summer and low values during winter. Due to its high altitude, high DSR and USR and low DLR and ULR were observed in BJ. USR immediately increased and albedo drastically increased to more than 0.8 in BJ post snowy season. This resulted in higher annual mean surface albedo (0.30) in BJ. In the instances when the surface was not covered by snow, the averaged albedo was 0.22. The seasonal variation of albedo was relatively constant at 0.23 in LZ because the surface cover was dense grass. On the average, the albedo was 0.20 in DL and 0.16 in WJ.
Seasonal variations on a weekly average basis a. Radiation components
b. Energy components and CO 2 flux Figure 6 shows the seasonal variation in the monthly means of (a) net radiation (R n ), (b) sensible heat flux (H ), (c) latent heat flux (LE), (d) soil surface heat flux (G 0 ), and (e) CO 2 flux (F CO 2 ) at the sites. R n was computed from the four radiation components (DSR, USR, DLR and ULR). H, LE, and F CO 2 were measured using fast response instruments and were calculated using Eqs. (2)-(4). Gaps occurring in H, LE, G 0 , and F CO 2 were due to instrument problems.
R n , LE, and F CO 2 all showed significant seasonal variation at the sites. The negative (positive) sign in F CO 2 indicates that surface vegetation absorbed (released) CO 2 . The variations in R n and F CO 2 were generally consistent. The grass grew well in the summer, and the strong photosynthesis led to release in more water vapor and a more negative F CO 2 . G 0 averaged several watts per square meter. When the ground was covered by snow in BJ: (1) R n was negative; (2) the grass was short and senescent, leading to the decrease in CO 2 absorption; (3) the snow surface absorbed sensible heat flux from the air; (4) LE was close to zero; and (5) G 0 was almost constant (negative several watts per square meter). Prior to the monsoon season, the latent heat was small and the sensible heat was the main consumer of available surface energy. When monsoon outbroke in May, the latent heat became the main consumer of available surface energy ðR n À G 0 Þ in BJ. In contrast to BJ, the other three sites saw no obvious response to both sensible and latent heat fluxes; but because these sites were coved by grass, CO 2 absorption dramatically responded to the onset of monsoon. Hence, it was concluded that sensible heat responds better to monsoon march than latent heat and CO 2 absorption on sparse or bare surfaces; and CO 2 absorption responds better to monsoon march in grasslands. These results are consistent with the previous work (Bi et al. 2007 ). Bi et al. (2007) determined turbulent sensible heat, latent heat, and CO 2 fluxes over the grasslands in the tropical monsoon environment of southern China using the EC c. Soil temperature and soil water content Surface energy partitioning is related to variations in soil temperature and soil water content. Figures 7, 8 show the seasonal variation of soil temperatures and soil water content on the surface, respectively, and at five depths (0.04, 0.10, 0.20, 0.60, and 1.00 m). The seasonal variation trends in soil temperature and soil water content were close to the variations in air temperature. The soil water content in all layers quickly responded to precipitation and significantly increased with the onset of monsoon at all four sites. The soil water contents responded to the onset of monsoon at the 0.04 m soil layer in LZ, DL, and WJ. The largest jump of soil moisture occurred in late May at DL may be caused by farmer managements. However, we have not the accurate record.
The diurnal variation in soil temperatures was also examined in the current study. Results show that soil temperature changed daily in the shallow layers and diurnal variation trends lessened with increasing depth, whereas almost no diurnal variation was observed in the soil temperatures measured at a depth of 0.6 m.
Diurnal variations on monthly average basis a. Radiation components
To examine the diurnal variations of the radiation components, their monthly means (DSR, USR, DLR, and ULR) are shown in Fig. 9 . The experimental results showed that diurnal variations in DSR, USR, and ULR were observed in all months at all sites, whereas diurnal variations in DLR were significant at site BJ only. Diurnal variations in DSR and ULR were high in summer and low in winter. In BJ, the maximum (minimum) peak of DLR and ULR occurred in July (December) Fig. 9e . This observation clearly indicates that the albedo of fresh snow is higher than 0.84. The minimum albedo (less than 0.1) occurred in May at sites DL and WJ because this time period was a ploughed fallow period at these two sites.
b. Energy components and CO 2 flux
The monthly mean diurnal variations of net radiation (R n ), sensible heat flux (H ), latent heat flux (LE), soil heat flux (G 0 ), and CO 2 flux (F CO 2 ) in the sunny days (i.e., no rain occurred in 24 hours) during the one-year observation period are shown in Fig. 10 . At site BJ, the maximum diurnal variation occurred in August with the peak at 600.8 W m
À2
and the minimum diurnal variation occurred in November with the peak at 121.2 W m À2 (Fig.  10a) . Figure 10b shows the maximum peak value of H occurred in April at 349.3 W m À2 and the minimum peak value of H was zero in November when the surface was fully covered by snow at site BJ. With the onset of monsoon in May, the diurnal variation in sensible heat flux obviously decreased, and the latent heat flux became the main consumer of surface available energy at site BJ, as shown in Fig. 10c . However, the signals of sensible heat fluxes in LZ, DL, and WJ were not as strong as in BJ. Only the latent heat fluxes responded significantly to the onset of monsoon. At all four sites, obvious diurnal variation in LE occurred and reached the maximum peak value in July. Figure 10d shows the diurnal variations were obvious at all four sites. The peak values were less than 100.0 W m À2 ; and the maximum peak value occurred in spring, whereas the minimum peak value occurred in summer (except for site DL). Figure 10e shows that the seasonal variation in F CO 2 was similar in pattern but opposite in sign to that in LE at sites LZ, DL, and WJ. Almost no diurnal variation in F CO 2 was observed at site BJ, owing to the low LAI value. The most significant diurnal variation occurred in July when the grass was luxuriant at sites LZ, DL, and WJ. and À0.61 mg m À2 s À1 , respectively. This is presumably due to the rapid growth of garlic (in DL) and wheat (in WJ) during this period. The minimum peak values (around zero) occurred in May and October at sites DL and WJ, which is consistent with the underlying surface conditions at these two sites during these two months because, at sites DL and WJ, May and October were fallow periods and the surface was nearly without vegetation.
Concluding remarks
On the basis of field observation sites equipped with same sensors through the JICA project in 2008 and the above described variations in turbulent heat and CO 2 fluxes, together with radiation components and soil heat flux at the four sites on and around the Tibetan plateau, the seasonal and diurnal characteristics of the PBL parameters related to the Tibetan monsoon climate were discussed the present study. Same analyzing technique was made for turbulent fluxes. The experimental results from the JICA project will apply to further research on plateau climate. Hence, the results were summarized as follows: All four radiation components seasonally changed, resulting in seasonal variations in net radiation. The components also diurnally changed. The solar radiation (up and down) in BJ was stronger than in other sites, particularly during the dry season. The albedo of snow-covered surfaces in winter was higher and lower than in other seasons at site BJ. The albedo changed slightly with the seasons at the other three sites.
The seasonal variations in sensible heat at site BJ show that it was stronger in spring (May to March) than at other sites. When monsoon had set (i.e., wet season) not much change was observed at the four sites, indicating that sensible heat at site BJ obviously responds to monsoon climate change. The seasonal variations in latent heat demonstrated that it quickly increased with soil water content which rose from March to June at sites LZ, DL, and WJ. This means that the latent heat flux responds to monsoon climate more than sensible heat. Energy partitioning significantly responds to the onset of monsoon at site BJ where latent heat is the constant main consumer of surface available energy. An obvious annual cyclic pattern of CO 2 flux in DL and WJ was observed. This implies that the CO 2 flux is sensitive to crop condition and vegetation cover over the eastern plateau region. The seasonal variation in CO 2 flux was small at sparsely covered grass site BJ owing to the limited absorption in summer and the limited release in other seasons. At grassland site LZ, CO 2 absorption responds to seasonal march of monsoon.
The results obtained in present work hopefully form a basis for numerical modeling and remote sensing retrieval of regional energy budget distribution.
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